The neck angle is the novel geometric index that quantifies the aneurismal neck on cross sectional images. We characterized the morphology of aneurysms by the neck angle measured in the cross-sectional analysis of three-dimensional rotational angiography (3DRA).
The geometric indices of intracranial aneurysms have value for predicting rupture or planning a treatment strategy (1) (2) (3) (4) (5) (6) . For examples, the higher aspect ratios (the ratio of the height to neck diameter) of aneurysms, the higher risk of rupture exists (5, 7) . The neck diameter and a dome to neck ratio are key parameters for choosing the appropriate treatment modality and pre-procedural plan of endovascular treatment (8) (9) (10) . Endovascular wide neck aneurysms are usually defined as having a dome to neck ratio less than or equal to 2.0 and/or a neck diameter greater than 4 mm (4, 10) . Wide neck aneurysms have a potential to be loosely packed with coils alone, as the wide neck cannot maintain coils inside the aneurismal lumen, and there is a risk of a coil protruding into the parent vessel once appropriately detached inside the sac (11) . Therefore, wide neck aneurysm should be embolized with technical modifications, such as the use of a stent, temporary balloon and multiple catheters, for satisfactory results in comparison to narrow neck aneurysm (8, 12, 13) . These geometric indices of aneurysms had been evaluated mainly by based upon the analysis of two dimensional (2D) digital subtraction angiography (DSA), which is still considered the gold standard for depiction of aneurysms. However, 2D images of DSA do not provide the ability to fully define and quantify other features, such as the extent to which the ostium involves the diameter of the parent artery, the volume, or the surface area. Especially, the aneurismal ostium has been simplified the diameter of the neck measured only on a lateral projection view of 2D DSA, although there is no clear evidence that the aneurismal ostium has pure round shape.
To date, three-dimensional rotational angiography (3DRA) has evolved as a major diagnostic tool for the angiographic assessment of aneurysms. With the use of 3DRA, we have experienced that an aneurysm has complex three-dimensional morphology, which has not yet been characterized with the use of 2D DSA. The use of 3DRA provides the ability to measure distance exactly and to view any projections freely (14) (15) (16) . In addition, clinicians could analyze aneurysms by using of various images reconstructed by software, such as 3D volume rendering images, cross-sectional images or virtual endoscopy.
Cross-sectional analysis of aneurysm might provide novel information about the relationship between an aneurysm and parent artery. In the year of 2004, Karmonik et al. (17) proposed that cross-sectional evaluation of aneurysm would seem to offer enhanced ability to visualize and to understand the complex relations between an aneurysm and its parent artery. They, firstly, presented 'the neck angle', the method for quantitative analysis of cross sectional relation between aneurysms and their parent arteries. The neck angle is the extent to which the ostium involves the circumference of the parent artery (17) . Cross-sectional analysis and the neck angle would be an unacquainted method for the quantification of aneurysms. However, the cross-sectional morphology of aneurysms is sometimes under consideration for the management. For example, we sometimes obtain multiple off-lateral fluoroscopic views for acquisition of the true tangential view of a parent artery during stent-assisted coil embolization of an aneurysm, as the true tangential view is useful to distinguish coil protrusion into the parent artery from the aneurysm coil mass superimposed on the stent.
We hypothesized that the neck angle would be another parameter representing the geometrics of aneurismal ostium in company with the neck diameter on lateral projection view. The knowledge of the neck angle of aneurysm may enhance the ability to determine the location of coils in relation to the stent boundaries and thereby improve the ability to avoid parent artery compromise (18) . In respect to hemodynamics, the neck angle may be useful to know how much area of aneurismal ostium should be isolated from flow in the parent artery during endovascular procedure. Before these clinical applications of the neck angle, the knowledge of the geometric characteristics of neck angle should be preceded. However, there has been no following study about the neck angle ever since this was firstly presented.
The purpose of this study was to evaluate the geometrics including the neck angle and the morphology of intracranial aneurysms and parent arteries by using cross-sectional analysis of 3DRA.
MATERIALS AND METHODS

Subjects
This study was performed according to the ethical standards of the institutional review board. We retrospectively reviewed the 3DRA images of consecutive 167 aneurysms in 152 patients at our institute between July 2006 and February 2008. Patients with aneurysms located at a sidewall of a parent artery were included as subjects of this study, because sidewall aneurysms were easy to create the cross-sections sufficiently perpendicular to the long axis of the parent artery. We also included bifurcation aneurysms with two-thirds of the necks occupied one of the bifurcation branches within a sidewall aneurysm group. We excluded patients with aneurysms that met the following exclusion criteria: an aneurysm with a height under 2 mm, aneurysms with multilobular shapes and aneurysms insufficiently filled with contrast media or aneurysms with an insufficient image quality to be analyzed.
Patient age, sex and the location of the aneurysm were recorded. The presence of rupture was evaluated for each aneurysm. In patients with multiple aneurysms, the presence of rupture was determined based on the distribution of blood on a CT image, aneurysm configuration on an angiogram and finally, intraoperative findings.
Three-Dimensional Rotational Angiography
All of the 3DRA examinations were performed by using a flat panel angiographic unit (Allura Xper FD 20/10 angiography system, Philips Medical Systems, Best, The Netherlands) with field of view (FOV) of 16 ×16 cm and frame rate 30/sec. Ranges of rotation were covered from +110。to -110。 . A volume of 21-35 mL of nonionic, iso-osmolar contrast medium (270 mg per I/mL, iodixanol; Visipaque, Nycomed Imaging, Oslo, Norway) was injected through a 5-6 Fr catheter by use of an injector with a velocity of 3-5 mL/sec. Image acquisition was started 1-3 seconds after contrast material injection. The acquisition time of images was 4.1 seconds. Volume-rendered 3D images were reconstructed with a 50% magnification (a field of 37.56 cm 2 ) and a matrix of 256 pixels3 by using the 3DRA volumetric measurement of the system software. Threshold for volume-rendering image was fixed as default value provided by software.
Assessment of the Geometric Indices and Cross Sectional Images
A retrospective review of the 3DRA images was performed by a neuroradiologist who was blinded to the clinical information. The following onedimensional geometric indices of the aneurysms were manually measured on the volume-rendering 3D images with the ruler tool of the system software. The indices included height (H, the distance between the neck and dome of an aneurysm), width (W, the longest diameter of an aneurysm, parallel to the axis of the parent artery), depth (D, the longest diameter of an aneurysm, perpendicular to the axis of the parent artery), and neck width (N, parallel to the axis of the parent artery). The diameter of the parent artery (Dpa) was measured by the interpolation from proximal and distal sections across the aneurysm neck (described later). The following 2D indices were calculated. The 2D indices included the ratio of the width to the neck (W/N) that is synonymous with the dome-to-neck ratio (10), aspect ratio (H/N) (6), bottleneck ratio (the longest diameter among H, W, and D to the neck diameter) (5), the ratio of depth to the diameter of the parent artery (D/Dpa), and the height to the diameter of the parent artery (H/Dpa). An aneurysm with W/N less than or equal to 2.0 and/or neck over 4 mm was regarded as a wide neck aneurysm (10) .
Cross-sectional images of the aneurysms and the parent arteries were acquired by using Automatic Vessel Analysis Method in 3DRA software (Fig. 1) . After proximal and distal segments of the healthy parent artery had been manually selected, a median luminal centerline of the parent artery and a virtual stent were automatically reconstructed. The mean diameter of virtual stent was considered as Dpa. The virtual stent served as reference of a normal parent artery at aneurismal segment on cross-sectional image and was used for the distinction of the parent artery lumen from aneurysm ostium. The serial crosssectional images of the aneurysms and parent arteries could be acquired between the proximal and distal points of the parent arteries.
We measured the neck angle, which was presented by previous study (17) , for quantitative identification of aneurysm ostium on cross sectional image. Previous author measured the neck angle by using their own computer program, which could identify automatically the extent of aneurysm ostium. Because the processing software that had been used in previous report, was not available, neck angle was measured by modified method.
At cross-sectional images of aneurysm ostium, a line A across the aneurysm ostium was drawn. It should contact with the upper margin (margin of aneurysm side) of virtual stent and be perpendicular to the height of aneurysm. Then, the two lines (line B and C) from centerline to two crosspoints between line A and aneurysm margin were drawn. The widest angle between line B and C was defined as the neck angle (Fig. 1B) .
The aneurysms were categorized into four groups according to the neck angle: narrow (the neck angle was less than 75。 ), moderate (from 75。to 90。 ), wide (from 91。to 115。 ), and extremely wide (over 115。 ). The cross-sectional shape of the aneurysms and parent arteries was described according to the four neck angle groups.
Statistical Analysis
The linear relationship between each 2D index of aneurysms and neck angle was estimated by the use of Pearson's correlation. Significance was assumed at a level of p < 0.05. Of the five 2D geometric indices, the index that demonstrated significant linear regression with neck angle was analyzed by a receiver operator characteristic (ROC) curve to assess the cut-off value of the 2D index for predicting aneurysms with an extremely wide neck angle.
The nonparametric Kruskal-Wallis rank sum test was used to evaluate whether the mean W/N, aspect ratio, bottleneck ratio, D/Dpa, and H/Dpa, were the same for the four neck angle groups. A p-value < 0.05 from the results of the Kruskal-Wallis test indicated a statistically significant difference in the means among the four groups. For a significant Kruskal-Wallis test, three additional unpaired t-tests (significance, p < 0.05) were used to test for the neck angle group differences.
Data regarding the aneurysm parameters was divided into two additional groups (ruptured and unruptured aneurysms). Comparisons of the 2D geometric indices between these two groups were performed using twoway analysis of variance. Significance was assumed at a level of p < 0.05.
RESULTS
There were 82 sidewall aneurysms of 73 patients. Overall, 13 aneurysms were excluded because of an aneurysm with a height under 2 mm (nine cases), multilobulation (two cases), insufficient image quality (one case) and a post-traumatic pseudoaneurysm (one case), Thus, 69 aneurysms of 62 patients were included in this study. Patients consisted of 10 men and 52 women, with an average age of 60.1 years (age range, 30-78 years).
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Chang-Woo Ryu, et al. A. Three-dimensional volume rendering image of rotational angiography demonstrates a small posterior communicating artery aneurysm. The parent artery from proximal and distal sections across the aneurysm neck is traced for reconstruction of the virtual stent. B. On cross-sectional image at the segment of aneurysm ostium, we draw a line A (red line) that is contact with the margin of aneurysm side of virtual stent (orange circle) and perpendicular to the height of aneurysm. The widest angle between the two crosspoints between the line A and the aneurysm margin, and median centerline (between line B and C, two green arrows) was defined as the neck angle. A centerpoint of the cross is MLC and circle is a simulation of stent. This aneurysm has narrow neck angle (52。 ), and the shape of the aneurysm and the parent artery on the cross-sectional image looks like a snowman. An: aneurysm, PA: parent artery.
The locations of the aneurysms were as follows: internal carotid arteries (44 cases), vertebrobasilar arteries (3 cases), medium to small arteries (8 cases) and bifurcations of the middle cerebral, anterior communicating arteries and top of the basilar arteries (14 cases) ( Table 1) . Twenty-three aneurysms were ruptured aneurysms and 46 aneurysms were unruptured aneurysms. Of the 23 patients with ruptured aneurysms, 19 patients presented with a single ruptured aneurysm and four patients with at least one additional unruptured aneurysm.
The mean W/N, aspect ratio, bottleneck ratio, D/Dpa, and H/Dpa were 1.62 ± 0.66, 1.41 ± 0.72, 1.81 ± 0.76, 1.59 ± 0.75 and 1.41 ± 0.75, respectively (Table 2) . Among the 69 sidewall aneurysms, 54 aneurysms were classified as wide neck aneurysms and 15 aneurysms were classified as narrow neck aneurysms. The number of aneurysms in each neck angle group were as follows: 15 aneurysms with a narrow neck angle, 13 aneurysms with a moderate neck angle, 20 aneurysms with a wide neck angle and 19 aneurysms with an extremely wide neck angle ( Table 2 ). The shape of the narrow and moderate neck angle aneurysms in cross-sectional images looked like a snowman or ellipsoid ( Fig. 2A to D) . aneurysms with wide neck angle were seen with a reversed tumbler or ellipsoid shape (Fig. 2E and F) . The aneurysms with an extremely wide neck angle showed an ovoid shape where the parent arteries were indistinguishable from aneurysms (Fig. 2D) .
Morphology of Cerebral Saccular Aneurysms Characterized by Neck Angle Measured in Cross Sectional Analysis
It appeared that the lumen of virtual stent was tucked into the lumen for aneurysm. Since the neck angle were from narrow to extremely wide, the junction of the aneurysm and parent artery made an obtuse angle, and the distance of bilateral side of the parent artery was widened. Three of 15 (20%) narrow neck aneurysms had an extremely wide neck angle, and these were a posterior communicating artery origin, anterior communicating artery and the posterior inferior cerebellar artery aneurysms.
The neck angle linearly correlated with D/Dpa and H/Dpa, with increase of the neck angle corresponding to an increase of D/Dpa (p < 0.0001) and H/Dpa (p < 0.0001) (Fig. 3) . The estimated Pearson's correlation coefficient between the neck angle and D/Dpa was 0.7414 (95% confidence interval (CI) from 0.6121 to 0.8321), and that between neck angle and H/Dpa was 0.5743 (95% CI from 0.3908 to 0.7140). There was no linear correlation between the neck angle and W/N, aspect ratio and bottleneck ratio ( Table 3) .
The ROC analysis was performed for D/Dpa and H/Da (Fig. 4) . The areas under the ROC curve (AUR) for D/Dpa and H/Dpa were 0.919 (95% CI: 0.828-0.971) and 0.787 (95% CI: 0.672-0.877), respectively. At a cut-off value of 1.5755 for D/Dpa, the sensitivity was 94.7%, and the specificity was 78.0%. A cut-off value for H/Dpa was of 1.6356 (sensitivity: 58.4%, specificity: 80.0%).
The Kruskal-Wallis test indicated that the mean D/Dpa and H/Dpa were not the same among the four neck angle groups. Additional unpaired t-tests indicated that a significant difference existed in D/Dpa between moderate and wide neck angles, and in between wide and extremely wide neck angles (Table  2) . A significant difference existed in H/Dpa between moderate and wide neck angles. The mean W/N, aspect ratio and bottleneck ratio were not different among the four neck angle groups ( Table 2) .
Of the 2D indices, W/N, aspect ratio, bottleneck ratio and H/Dpa were statistically significantly different for (Table 4) . These results were similar with the results of previous studies D/Dpa and neck angle were not different between these two groups (p = 0.0644, p = 0.2710, respectively).
DISCUSSION
The results of our study demonstrated the geometric and morphologic characteristics of cross-sectional image of aneurysm as follows: In proportion to the increase of aneurysm-to-parent vessel size ratio (D/Dpa and H/Dpa), geometrically, the neck angles of aneurysms came to be wide. Morphologically, the arc of aneurysm ostium that involved the circumference of parent artery became increased; the bilateral distances between the wall of the aneurismal segment of parent artery and the wall of a reference of normal segment (virtual stent) became significantly widened; and the lumen of the aneurysm became difficult to distinguish from the lumen of the parent artery. In summary, the neck angle was a geometric index that demonstrated the morphologic relationship between aneurysm and parent artery.
The results of present study suggest that the neck angle needs to be considered when trying to correlate physical factors in the aneurysms. An understanding of the geometric characters of the neck angle may be useful to design the more realistic-looking laboratory model, such as experimental phantoms and the computer simulation of the biomathematical models.
When stent-assisted technique is used to treat a wide neck angle aneurysm, tangential projection of stent should be guaranteed or stent-in-balloon technique should be combined, because the gap between stent and parent artery can be significantly wide, and coil loops within this gap may be undifferentiated from coil protrusion into stent lumen on lateral projection. During endovascular treatment, this information may be useful to determine the location of coils and to know rate of the aneurismal neck isolated from the flow of parent artery by the stent (18) . The knowledge about neck angle may be also useful to invent the new interventional device for aneurismal neck protection. For example, the developer may pay attention to the design of the stent that enables to fit the wall of the deformed parent artery with the wide neck angle of aneurysm, because conventional stent shows a gap between parent artery and stent boundary in the aneurismal segment.
As compared with the original method that measures the neck angle by computer algorithm (17), our modified method that measures manually the neck angle may be less reliable due to interobserver bias. The original method becomes ambiguous when the ostium of aneurysm with wide neck angle is not clearly distinct from parent artery. However, modified method was not influenced by deformity of parent artery at ostium segment.
In this study, the neck angle did not correlate with the dome-to-neck ratio but linearly correlated with the aneurysm-to-parent vessel size ratio. These findings suggest that if an aneurysm is significantly larger than the parent artery (D/Dpa > 1.5 and H/Dpa > 1.6, based on the ROC curve analysis), even an aneurysm with a favorable geometry for coiling on lateral projection may have a chance of having an extremely wide neck angle. Actually, three of 15 narrow-neck aneurysms in our subjects showed an extremely wide neck angle. Even if 3DRA is not available, a clinician should take As an aneurysm (dotted lines) grows in size (left to right), the neck angle (the angle between the two arrows) will be wider, the wall of parent artery (solid lines) opposite to aneurysm neck will be unrolled, the lumen of the parent artery will change from round to crescent and the junction of the aneurysm and parent artery will be obtuse. Thin-line circle is a reference of normal parent artery.
into account that an aneurysm larger than the parent artery may have an extremely wide neck angle.
On a lateral projection, a sidewall aneurysm having W/N over 1.0 commonly has an acute angle with the parent artery, and the confluent zones between the aneurysm and the parent artery show the shape of a beak. However, on cross-sectional images, when the neck angle is wide, the junction of the aneurysm and parent artery make an obtuse angle, and the parent artery is distorted to crescent. These morphologic characters can be interpreted that the cylindrical shape of the parent artery becomes unrolled with growth of the aneurysm (Fig. 5) . We suggest that, because the viscoelasticity of vessel wall is different to the direction (19) , the growth pattern of the aneurismal neck may be different along the direction; perpendicular and parallel to the axis of the parent artery.
In this study, the aspect ratio, bottleneck ratio, and H/Dpa were correlated with the rupture risk of aneurysm, and these results were similar with the results of previous studies (5, 20, 21) . These may represent that the geometric characters of subjects in this study had general feature of aneurysms and there was no significant error during the geometric measurement in this study.
A limitation of this study was that the geometry of the aneurysms was not correlated with the results of endovascular treatment. To assess whether the crosssectional morphology affects the result of endovascular treatment, post-procedural results should compared with the neck angle, in the same manner in the previous study of Debrun et al. (10) . In contrary to the age of previous study that a single type of coils has been used exclusively, many different techniques and materials can be used for endovascular treatment nowadays, hence it might not be unambiguous to correlate aneurysm geometry with treatment outcome. Another limitation of this study was that the characterization of cross-sectional images for bifurcation aneurysms was not performed as only sidewall aneurysms were included in the study.
In conclusion, the use of cross-sectional images of intracranial aneurysms provided more information about the morphological relationship between the aneurysms and parent arteries. The neck angle (the extent of parent artery involvement by the ostium) of aneurysm and the deformity of parent artery were well correlated with the aneurysm-to-parent vessel size ratio. This result may be useful for designing experimental phantoms and biomathematical simulating models similar to true intracranial aneurysms. A close observation of cross-sectional images of intracranial aneurysms may also provide useful information in the management of patients with aneurysms.
